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Abstract
Protein hydrolysates (PH) from plant-based proteins (PBP) are gaining importance due
to the availability, sustainable and economical production when compared to their animal origin counterpart. Therefore, this study explored under-utilized PBP hydrolysates derived from Bitter apple (BA) and Pearl millet (PM) and determined their bioactive properties. Enzymatic hydrolysis (EH) of BA and PM proteins was carried out
by enzymes such as alcalase (A), bromelain (B), and chymotrypsin (C) for 3, 6, and 9
h to produce PH possessing high bioactive properties. Highest degree of hydrolysis
(DH) was reported in BAPH generated with C9 (87.8%) whereas for PMPH highest
DH was found in hydrolysate generated by B9 (92.4%). In terms of antioxidant activities of BAPH, the highest 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging
activity (65.7 mmol TE/g), ferric-reducing antioxidant power (FRAP) (192.5 mmol
TE/g), and 2, 2'-Azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) radical
scavenging activity (525.2 mmol TE/g) values were recorded by C6, A3, and C6 derived BAPH, respectively. Whereas for PMPH, C9, B9, and A9 reported to have the
highest DPPH (222.3 mmol TE/g), FRAP (585.7 mmol TE/g), and ABTS (976.0 mmol
TE/g) activities, respectively. The BAPH-B6 and BAPH-A3 samples have exhibited
the highest α-Glucosidase (GLU) and dipeptidyl-peptidase-IV (DPP-IV) inhibitory activities with IC50 values of around 13.27 µg/ml and 38.57 µg/ml, respectively, while
for α-amylase (AMY) inhibition, BAPH-A6 demonstrated IC50 of 17.0 µg/ml. For
PMPH, B9 and A9 derived hydrolysates showed GLU, DPP-IV, and AMY IC50 inhibitory values of 6.71, 3.44, and 5.06 µg/ml, respectively. In-vitro anti-hypercholesterolemic activities of BAPH and PMPH were evaluated using the pancreatic lipase (LIP)
and cholesteryl esterase (CE) inhibitory assays. C6 derived BAPH showed the highest
activities with IC50 values of 14.12 and 13.68 µg/ml for LIP and CE inhibition, respectively. Moreover, for PMPH, A9 has reported the highest LIP and CE inhibitory activities with IC50 values of 3.46 and 3.61 µg/ml, respectively. In conclusion, significant
increase in the bioactive properties of BA and PM proteins upon EH has been observed
in comparison to unhydrolyzed proteins which indicates the enhanced bioactive properties of PH derived from BA and PM proteins.
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)Title and Abstract (in Arabic
الخصائص النشطة بيولوجيًا متعددة الوظائف لهيدروليزات البروتينات النباتية المشتقة من بذور التفاح المر
والدخن اللؤلؤي

الملخص
ﻧﻈﺮﺍ ﻟﺘﻮﺍﻓﺮﻫﺎ ﻭﺇﻧﺘﺎﺟﻬﺎ ﺍﻟﻤﺴﺘﺪﺍﻡ ﻭﺍﻻﻗﺘﺼﺎﺩﻱ ﻋﻨﺪ ﻣﻘﺎﺭﻧﺘﻬﺎ
ﺗﻜﺘﺴﺐ ﺗﺤﻠﻞ ﺍﻟﺒﺮﻭﺗﻴﻨﺎﺕ ﻣﻦ ﺍﻟﺒﺮﻭﺗﻴﻨﺎﺕ ﺍﻟﻨﺒﺎﺗﻴﺔ ﺃﻫﻤﻴﺔ ً
ﺑﺄﺻﻠﻬﺎ ﺍﻟﺤﻴﻮﺍﻧﻲ .ﻟﺬﻟﻚ ،ﺍﺳﺘﻜﺸﻔﺖ ﻫﺬﻩ ﺍﻟﺪﺭﺍﺳﺔ ﺗﺤﻠﻞ ﺍﻟﺒﺮﻭﺗﻴﻨﺎﺕ ﺍﻟﻨﺒﺎﺗﻴﺔ ﻏﻴﺮ ﺍﻟﻤﺴﺘﻐﻠﺔ ﺟﻴﺪًﺍ ﺍﻟﻤﺸﺘﻘﺔ ﻣﻦ ﺍﻟﺘﻔﺎﺡ ﺍﻟﻤﺮ
ﻭﺍﻟﺪﺧﻦ ﺍﻟﻠﺆﻟﺆﻱ ﻭﺣﺪﺩﺕ ﺧﺼﺎﺋﺼﻬﺎ ﺍﻟﻨﺸﻄﺔ ﺑﻴﻮﻟﻮﺟﻴًﺎ .ﺗﻢ ﺇﺟﺮﺍء ﺍﻟﺘﺤﻠﻞ ﺍﻟﻤﺎﺋﻲ ﺍﻷﻧﺰﻳﻤﻲ ﻟﻠﺘﻔﺎﺡ ﺍﻟﻤﺮ ﻭﺑﺮﻭﺗﻴﻨﺎﺕ
ﺍﻟﺪﺧﻦ ﺍﻟﻠﺆﻟﺆﻱ ﺑﻮﺍﺳﻄﺔ ﺇﻧﺰﻳﻤﺎﺕ ﻣﺜﻞ ﺍﻟﻜﺎﻻﺯ ﻭﺍﻟﺒﺮﻭﻣﻴﻠﻴﻦ ﻭﺍﻟﻜﻴﻤﻮﺗﺮﻳﺒﺴﻴﻦ ﻟﻤﺪﺓ  3ﻭ 6ﻭ 9ﺳﺎﻋﺎﺕ ﻹﻧﺘﺎﺝ ﺗﺤﻠﻞ
ﺍﻟﺒﺮﻭﺗﻴﻦ ﺍﻟﺬﻱ ﻳﻤﺘﻠﻚ ﺧﺼﺎﺋﺺ ﺣﻴﻮﻳﺔ ﻋﺎﻟﻴﺔ ﺍﻟﻨﺸﻁﺎ .ﺗﻢ ﺍﻹﺑﻼﻍ ﻋﻦ ﺃﻋﻠﻰ ﺩﺭﺟﺔ ﻣﻦ ﺍﻟﺘﺤﻠﻞ ﺍﻟﻤﺎﺋﻲ ﻓﻲ ﺗﺤﻠﻞ ﺍﻟﺒﺮﻭﺗﻴﻦ
ﻓﻲ ﺍﻟﺘﻔﺎﺡ ﺍﻟﻤﺮ ﺍﻟﻨﺎﺗﺞ ﺑﻘﻴﻤﺔ ) ،(٪87.8ﺃﻣﺎ ﺑﺎﻟﻨﺴﺒﺔ ﻟﺘﺤﻠﻞ ﺍﻟﺒﺮﻭﺗﻴﻦ ﻓﻲ ﺍﻟﺪﺧﻦ ﺍﻟﻠﺆﻟﺆﻱ ﻓﻘﺪ ﺗﻢ ﺍﻟﻌﺜﻮﺭ ﻋﻠﻰ ﺃﻋﻠﻰ ﺩﺭﺟﺔ
ﻣﻨ ﺍﻟﺘﺤﻠﻞ ﺍﻟﻤﺎﺋﻲ ﻓﻲ ﺍﻟﺘﺤﻠﻞ ﺍﻟﻤﺎﺋﻲ ﺍﻟﻨﺎﺗﺞ ﻋﻦ ﻗﻴﻤﺔ ) .(٪92.4ﻓﻴﻤﺎ ﻳﺘﻌﻠﻖ ﺑﺎﻷﻧﺸﻄﺔ ﺍﻟﻤﻀﺎﺩﺓ ﻟﻸﻛﺴﺪﺓ ﻟﻤﺤﻠﻼﺕ
ﺑﺮﻭﺗﻴﻦ ﺍﻟﺘﻔﺎﺡ ﺍﻟﻤﺮ ،ﻓﺈﻥ ﺃﻋﻠﻰ ﻧﺸﺎﻁ ﺛﻨﺎﺋﻲ ﻓﻴﻨﻴﻞ ﺑﻴﺮﻳﻞ ﻫﻴﺪﺭﺍﺯﻳﻞ ) 65.7ﻣﻠﻤﻮﻝ/ﻏﺮﺍﻡ( ،ﻗﻮﺓ ﻣﻀﺎﺩﺍﺕ ﺍﻷﻛﺴﺪﺓ
ﺍﻟﻤﺨﺘﺰﻟﺔ ﻟﻠﺤﺪﻳﺪ ) 192.5ﻣﻠﻤﻮﻝ/ﻏﺮﺍﻡ( ﺗﻢ ﺗﺴﺠﻴﻞ ﻗﻴﻢ ﻓﺤﺺ ﺇﺯﺍﻟﺔ ﺍﻟﻠﻮﻥ ) 525.2ﻣﻠﻤﻮﻝ/ﻏﺮﺍﻡ( ﺑﻮﺍﺳﻄﺔ ﺗﺤﻠﻞ
ﺑﺮﻭﺗﻴﻦ ﺍﻟﺘﻔﺎﺡ ﺍﻟﻤﺮ ﺍﻟﻤﺸﺘﻖ ،ﻋﻠﻰ ﺍﻟﺘﻮﺍﻟﻲ .ﻓﻲ ﺣﻴﻦ ﺗﻢ ﺍﻹﺑﻹﻍ ﻋﻦ ﺗﺤﻠﻞ ﺑﺮﻭﺗﻴﻦ ﺍﻟﺪﺧﻦ ﺍﻟﻠﺆﻟﺆﻱ ،ﺃﻥ ﻟﺪﻳﻬﺎ ﺃﻋﻠﻰ
ﻧﺸﺎﻁ ﺛﻨﺎﺋﻲ ﻓﻴﻨﻴﻞ ﺑﻴﺮﻳﻞ ﻫﻴﺪﺭﺍﺯﻳﻞ ) 222.3ﻣﻠﻤﻮﻝ/ﻏﺮﺍﻡ( ،ﻗﻮﺓ ﻣﻀﺎﺩﺍﺕ ﺍﻷﻛﺴﺪﺓ ﺍﻟﻤﺨﺘﺰﻟﺔ ﻟﻠﺤﺪﻳﺪ )585.7
ﻣﻠﻤﻮﻝ/ﻏﺮﺍﻡ( ،ﺗﻢ ﺗﺴﺠﻴﻞ ﻗﻴﻢ ﻓﺤﺺ ﺇﺯﺍﻟﺔ ﺍﻟﻠﻮﻥ ) 976.0ﻣﻠﻤﻮﻝ/ﻏﺮﺍﻡ( .ﺃﻅﻬﺮﺕ ﻋﻴﻨﺎﺕ ﺗﺤﻠﻞ ﺑﺮﻭﺗﻴﻦ ﺍﻟﺘﻔﺎﺡ ﺍﻟﻤﺮ
ﺃﻋﻠﻰ ﻧﺸﺎﻁ ﻣﺜﺒﻂ ﻟـ ﺍﻟﻔﺎ ﻗﻠﻮﻛﺴﺪﻳﺰ ﻭﺩﻳﺒﺒﺘﻴﺪﻝ ﺑﻴﺒﺘﺪﻳﺰ ﺍﻟﺮﺍﺑﻊ ﺑﻘﻴﻢ ﺃﻱ ﺳﻲ 50ﺑﺤﻮﺍﻟﻲ 13.27ﻣﻴﻜﺮﻭﻏﺮﺍﻡ/ﻣﻞ ﻭ 38.57
ﻣﻴﻜﺮﻭﻏﺮﺍﻡ/ﻣﻞ ،ﻟﺘﺜﺒﻴﻂ ﺍﻟﻔﺎ ﺍﻣﻴﻠﻴﺰ ،ﺃﻧﺘﺞ ﺃﻱ ﺳﻲ  50ﺑﻘﻴﻤﺔ  17.0ﻣﻴﻜﺮﻭﻏﺮﺍﻡ/ﻣﻞ .ﺃﻅﻬﺮﺕ ﺍﻟﺘﺤﻠﻞ ﺍﻟﻤﺎﺋﻲ ﺍﻟﻤﺸﺘﻖ
ﻣﻦ ﻫﻴﺪﺭﻭﻟﻴﺰﺍﺕ ﺑﺮﻭﺗﻴﻦ ﺍﻟﺪﺧﻦ ﺍﻟﻠﺆﻟﺆﻱ ﻗﻴﻢ ﺍﻟﻔﺎ ﻗﻠﻮﻛﺴﺪﻳﺰ ﻭﺩﻳﺒﺒﺘﻴﺪﻝ ﺑﻴﺒﺘﺪﻳﺰ ﺍﻟﺮﺍﺑﻊ ،ﺍﻟﻔﺎ ﺍﻣﻴﻠﻴﺰ ﺑﻘﻴﻢ ﺃﻱ ﺳﻲ50
ﺑﺤﻮﺍﻟﻲ  6.71ﻭ 3.44ﻭ 5.06ﻣﻴﻜﺮﻭﻏﺮﺍﻡ/ﻣﻞ ﻋﻠﻰ ﺍﻟﺘﻮﺍﻟﻲ .ﺗﻢ ﺗﻘﻴﻴﻢ ﺍﻷﻧﺸﻄﺔ ﺍﻟﻤﻀﺎﺩﺓ ﻟﻠﺴﻤﻨﺔ ﻓﻲ ﺍﻟﻤﺨﺘﺒﺮ ﺑﺎﺳﺘﺨﺪﺍﻡ
ﻣﻘﺎﻳﺴﺎﺕ ﻣﺜﺒﻄﺔ ﻟﻴﺒﺎﺯ ﺍﻟﺒﻨﻜﺮﻳﺎﺱ ﻭﺍﺳﺘﺮﻳﺰ ﺍﻟﻜﻮﻟﻴﺴﺘﺮﻳﻞ ،ﺣﻴﺚ ﺃﻅﻬﺮ ﺍﻟﻤﺸﺘﻖ ﻣﻦ ﻫﻴﺪﺭﻭﻟﻴﺰﺍﺕ ﺑﺮﻭﺗﻴﻦ ﺗﻔﺎﺡ ﺍﻟﻤﺮ
ﺃﻗﻞ ﻗﻴﻢ ﺃﻱ ﺳﻲ 50ﻣﻦ  14.12ﻭ  13.68ﻣﻴﻜﺮﻭﻏﺮﺍﻡ/ﻣﻞ ﻋﻠﻰ ﺍﻟﺘﻮﺍﻟﻲ .ﺑﺎﻟﻨﺴﺒﺔ ﻟﺘﺤﻠﻞ ﺑﺮﻭﺗﻴﻦ ﺍﻟﺪﺧﻦ ﺍﻟﻠﺆﻟﺆﻱ ﻋﻦ
ﺃﺩﻧﻰ ﻗﻴﻢ ﺃﻱ ﺳﻲ 50ﺗﺒﻠﻎ  3.46ﻭ  3.61ﻣﻴﻜﺮﻭﻏﺮﺍﻡ/ﻣﻞ ،ﻋﻠﻰ ﺍﻟﺘﻮﺍﻟﻲ .ﻓﻲ ﺍﻟﺨﺘﺎﻡ ،ﻟﻮﺣﻈﺖ ﺯﻳﺎﺩﺓ ﻛﺒﻴﺮﺓ ﻓﻲ
ﺍﻟﺨﺼﺎﺋﺺ ﺍﻟﻨﺸﻄﺔ ﺑﻴﻮﻟﻮﺟﻴًﺎ ﻟﺒﺮﻭﺗﻴﻨﺎﺕ ﺍﻟﺘﻔﺎﺡ ﺍﻟﻤﺮ ﻭﺍﻟﺪﺧﻦ ﻋﻨﺪ ﺍﻟﺘﺤﻠﻞ ﺍﻟﻤﺎﺋﻲ ﺍﻷﻧﺰﻳﻤﻲ ﻣﻘﺎﺭﻧﺔ ﺑﺎﻟﺒﺮﻭﺗﻴﻨﺎﺕ ﻏﻴﺮ
ﺍﻟﻤﺘﺤﻠﻠﺔ ﺑﺎﻟﻤﺎء ﻣﻤﺎ ﻳﺸﻴﺮ ﺇﻟﻰ ﺍﻟﺨﺼﺎﺋﺺ ﺍﻟﻨﺸﻄﺔ ﺑﻴﻮﻟﻮﺟﻴًﺎ ﺍﻟﻤﺤﺘﻤﻠﺔ ﻟﺘﺤﻠﻞ ﺍﻟﺒﺮﻭﺗﻴﻦ ﺍﻟﻤﺸﺘﻖ ﻣﻦ ﺍﻟﺘﻔﺎﺡ ﺍﻟﻤﺮ
ﻭﺑﺮﻭﺗﻴﻨﺎﺕ ﺍﻟﺪﺧﻦ ﺍﻟﻠﺆﻟﺆﻱ.

مفاهيم البحث الرئيسية :ﺗﺤﻠﻞ ﺍﻟﺒﺮﻭﺗﻴﻦ ،ﺑﺮﻭﺗﻴﻨﺎﺕ ﻧﺒﺎﺗﻴﺔ ،ﺧﺼﺎﺋﺺ ﻧﺸﻄﺔ ﺑﻴﻮﻟﻮﺟﻴﺎ ،ﺍﻷﻧﺸﻄﺔ ﺍﻟﻤﻀﺎﺩﺓ ﻟﻸﻛﺴﺪﺓ،
ﻣﺜﺒﻸﻸﻸ ﺩﻱ ﺑﻲ  ،٤ﺍﻟﺪﺧﻦ ﺍﻟﻠﺆﻟﺆﻱ ،ﺍﻟﺘﻔﺎﺡ ﺍﻟﻤﺮ.
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Chapter 1: Introduction
1.1 Overview
Recently, plant-based proteins applications in food and medicinal industries have significantly increased because of the many advantages these materials offer such as higher
availability, ease in applying them to food products, suitability with sustainability plans,
comply with all religious and cultural food habits, suitability to the vegan demographic,
and low production costs compared to the applicability of animal-based proteins (Nasrabadi et al., 2019; Jafari et al., 2020). Several studies have reported the successful application of plant-based proteins in food formulation as emulsions stabilizers, gelling and
thickening agents, and water and fat binding agents, also due to their possession of good
biological properties (Warnakulasuriya & Nickerson, 2018; Doost et al., 2019). Moreover, utilization of plant proteins especially oilseeds, legumes and cereals for generation
of protein hydrolysates are gaining more importance as an alternative to animal proteins
in human nutrition, functional agents and pharmaceuticals (Arise, Idi, Mic-Braimoh,
Korode, Ahmed, & Osemwegie, 2019). Studies done by Ashaolu et al. (2017) and Coscueta et al. (2019) have reported that plant-derived protein hydrolysates have enhanced
physiological, functional, and bioactive properties when compared to the native protein.
These enhanced activities can be linked to the release of bioactive peptides from the
parent protein during enzymatic hydrolysis. The emphasis on using safer and food-derived bioactive compounds to prevent various metabolic diseases has resulted in a
strong demand for exploration of natural remedies for their treatments. Therefore, numerous studies have focused on the generation, isolation, and characterization of bioactive peptides from various food protein sources.
Bitter apple (Citrullus colocynthis) is generally recognized as colocynth and handal or
hanzal (in Arabic) is a perennial trailing herb that belongs to the Cucurbitaceae family.
These plants are extremely resistant to drought conditions and are widely distributed in
the arid regions. Numerous studies have reported the pharmacological activity of colocynth along with their functional properties (Arora et al., 2008; Hussain, Rathore, Sattar, Chatha, Sarker, & Gilani, 2014). Therefore, bitter apple is considered as a prospective folk medicine for treatments against hypertension, diabetes, tuberculosis,
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respiratory disorders and also used as antibacterial, antifungal, cytotoxic analgesic and
immune stimulatory agents (Rani, Punitha, & Rema, 2014; Al-Snafi, 2017). The BA
seeds usually contain around 8.25% of total protein content with 60.22% of non-essential and 39.78% of essential amino acids. It is also evident from the literature that bitter
apple seeds have a significantly higher quantity of amino acids with immense potential
in fortifying food formulations (Abudayeh et al., 2016). A comprehensive review has
been done on bioactive properties of peptides and protein fractions on fruit species belonging to the Cucurbitaceae family such as watermelon, bitter melon (Ozuna & LeónGalván, 2017). However, BA seed proteins and the derived protein hydrolysates have
not been reported to date.
Pearl millet (Pennisetum glaucum (L.) R. Br) also commonly known as Bajra, is widely
grown in the semi-arid region of Africa and Asia and are highly drought resistant. Studies have shown that the protein content of the pearl millets is within the range of 11.4 –
16.3% along with the substantial quantity of iron (8 mg/100 g) and zinc (3.1 mg/100 g),
which puts them among the richest source proteins and iron (Nambiar et al., 2011).
Pearl millet possesses soluble and insoluble-bound phenolics such as gallic acid, syringic acid, coumaric acid, ascorbic acid, and ferulic acid. There is growing evidence that
polyphenols contained in the cereals and millets possess health promoting and disease
preventing properties (Nambiar et al., 2011; Kaur et al., 2019). In contrast, phenolics,
phytates, and tannins in pearl millets are often considered as non-nutrients as it decreases the bioavailability of iron. Thus, this makes PM’s a good candidate to explore
the option for bio-fortification to tackle iron deficiency (Manwaring et al., 2016). The
PM is the only gluten-free grain that retains alkaline properties, which is ideal for wheat
allergies along with maintaining the healthy pH balance in the body (Gabrovská et al.,
2002; Sarita et al., 2016). Previous studies indicated that cooked pearl millet flours exhibited rapidly and slowly digestible starch, residual starch, high amylose activity with
a low glycemic index (Nambiar et al., 2011; Rao et al., 2011; Bora et al., 2019). So far,
studies on in-vitro and in-vivo studies on pearl millet extracts have emphasized the antioxidant and antidiabetic activities (Nambiar et al., 2011, Devi et al., 2014). However,
studies demonstrating the role of pearl millet proteins as a source of bioactive peptides
is still scarce.
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Several studies have postulated that incidence of obesity, diabetes and the oxidative
stress are highly inter-related and key causative factors for atherosclerosis,
dyslipidemia, and cancer (Matsuda & Shimomura, 2013). With the perpetual rise in
type II diabetes mellitus, a carbohydrate metabolism disorder leading to hyperglycaemic conditions, nutritional intervention is crucial for managing diabetes. Recent investigations have identified key hyperglycaemic enzymes such as α- amylase (AMY), αglucosidase (GLU) and dipeptidyl peptidase-IV (DPP-IV) (Mudgil et al., 2019). Inhibition of pancreatic α-amylase and α-glucosidase will, in turn, retard the starch digestion thereby reducing the postprandial hyperglycemia (Mudgil et al., 2019). DPP-IV
impedes and degrades the pathway of incretin hormones like glucagon-like peptides
(GLP-1) and gastric inhibitory polypeptide (GIP) and enhances the insulin secretion
with improved glucose tolerance. (Lambeir et al., 2003; Patil et al., 2015).
To the best of our knowledge, protein hydrolysate derived from Bitter apple and Pearl
millet seeds proteins have not been investigated for their potential to inhibit enzymatic
markers involved in diabetes and obesity. Therefore, this study aims to determine the
bioactive properties of Bitter apple and Peral millet protein isolates and hydrolysates
upon enzymatic hydrolysis.
1.2 Statement of the Problem
Currently, the plant-based protein and derived hydrolysates gained huge interest and
application as functional food ingredients and new drugs owing to their bioactive properties to improve gut health and regulate the absorption of nutrients. There has been
more interest to investigate underutilized and less explored plant-based proteins and
their functional and bioactive properties. Limited scientific studies explored the bioactive activities of enzymatically derived protein hydrolysates from bitter apple and pearl
millet. Therefore, this study aimed to generate protein hydrolysate from the underutilized Bitter apple and pearl millet seed proteins and investigate their multi-functional
bioactive properties. The study was designed to understand how effective the enzymatic
hydrolysis will be in enhancing the bioactive properties of protein hydrolysate generated from Bitter apple and pearl millet. The most potential protein hydrolysates were
identified which can be further explored for food fortification. Also, this study will be
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a good contribution to the existing knowledge on bioactive properties of Bitter apple
and pearl millet and their protein hydrolysates. Finally, this study will pave a way for
identifying a novel source of bioactive peptides that can be use as functional food ingredients in the formulation of food products.
1.3 Relevant Literature
Plant and plant-derived products, which are abundant in natural, environmentally safe,
cost-effective, and sustainable, has been the subject of extensive research in recent
years. Plant protein and peptide isolation has been widely pursued, among other plant
components, because of their benefits to human health beyond basic nutritional properties. Biologically active protein hydrolysates or peptides can be obtained through gastrointestinal digestion or enzymatic hydrolysis or fermentation of intact proteins. Bioactive peptides have gained popularity as a potential alternative to synthetic drugs in
the management of type-2 diabetes, obesity, hypertension, oxidative stress, cancer, and
other disorders (Mudgil et al., 2020; Famuwagun et al., 2021). Recently, bioactive peptides from the vegetal sources have increasingly gaining attention compared to the animal sources. Several recent studies have investigated the enhanced pharmacological
properties of peptides or protein hydrolysates from quinoa, amaranth proteins, dates,
cumin, watermelon, pumpkin, grape, flaxseed, bell pepper, okra, carrots, and hemp
seeds (Daliri et al., 2017; Sánchez & Vázquez, 2017; Mudgil et al., 2019). However,
literature reported the significant quantity of colocynth seeds amino acids (Ogundele et
al., 2012; Falade et al., 2020; Boulanouar et al., 2021).
Epidemiological studies indicate that consumption of pearl millets exerts multiple physiological activities including antidiabetic, antioxidant and anti-obesity activity. Diabetes mellitus (DM) and obesity are chronic metabolic disorders with obesity being the
major risk factor often leading to diabetes, cardiovascular disease and hypertension.
DM is a metabolic disorder characterized by chronic hyperglycemia with impaired carbohydrate, fat and protein absorption. Inhibiting carbohydrate-hydrolyzing enzymes
(GLU and AMY) is often considered as a therapeutic approach to suppress post-prandial hyperglycemia. Persistent hyperglycemia causes increased production of free radicals because of glucose auto-oxidation and protein glycosylation (Arise et al., 2016).
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DPP-IV, a peptide that hydrolyzes is known for inactivation of incretin hormones like
GLP-1 and GIP. Inhibition of DPP-IV signifies antihyperglycemic activity thereby improving the glucose tolerance (Scharpe et al., 2001; Patil et al., 2015). Antioxidants act
as a major defense against radical mediated toxicity by protecting the damages caused
by free radicals. In environments with low levels of cellular antioxidants, supplementation with exogenous natural antioxidants such as food-based peptides could reduce the
damaging effects of Reactive oxygen species (ROS) (Chandrasekara et al., 2010; Siddiq
et al., 2014).
1.3.1 Composition of Bitter Apple and Pearl Millet
The Bitter apple composition can depend on the variety, and the location of planting.
Table 1 presents the proximate composition of BA seed reported from different studies.
However, BA is of the highest source of protein content compared to other Citrullus
species (Ogundele et al., 2012). Previous study on bitter apple seeds investigated that it
contains around 13.19%–26.86% protein, 14.48%–24.62% fat, and 2.00%–4.46% ash
(Al-Hwaiti et al., 2021). Hussain et al. (2014) claimed that bitter apple considers as
outstanding source of amino acids mostly, arginine, methionine, and tryptophan. Amino
acids compositions of bitter apple protein were studied, Glutamic acid and Arginine
been founded as main amino acid with concentrations of 19.8 g and 15.9 g of amino
acids/100 g of protein (Sawaya et al., 1986). Ogundele et al. (2012) reported that the
most concentrated amino acid in BA is Glutamic acid with the value of 142.45 mg/g of
protein.
Table 1: Proximate composition of Bitter apple (BA) seeds (g/100 g).
Parameters
Protein
Fat
Moisture
Ash

(Sawaya et
al.,1986)
13.5
26.6
4.6
2.1

(Sadou et al., 2007)
13.19
18.59
4.91
2.00

(Ogundele et al.,
2012)
24.37
56.61
3.08
3.15

The composition of Pennisetum glaucum can vary from variety to variety (Ritu et al.,
2018). Table 2 presents the proximate composition of pearl millet seeds reported from
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different studies. A study by Tomar et al. (2021) had investigated an 87 pearl millet
genotypes representing different parts of India which been divided to seven clusters.
The content of these seven clusters ranged from 12.20-14.25 g/100 g of protein, 8.239.99 g/100 g of fat, 10.36-11.26 g/100 g, and 0.88-1.12 g/100 g of ash, respectively.
Other study reported that the protein content is 11.87 g/100 g, fat is 2.30 g/100 g, moisture is 2.16 g/100 g, and ash is 2.04 (Owheruo et al., 2018). Peral millet is known to be
a good source of carbohydras, by 56–65% (Krishnan and Meera, 2018). Ritu et al.
(2018) reported proximate composition 74.05% carbohydrates. The amino acid profile
of pearl millet considers one of the excellent, tryptophan, threonine, and valine are the
highest amino acids in pearl millet (Burton et al., 1972).

Table 2: Proximate composition of Pearl millet (PM) seeds (%).
Parameters
Protein
Fat
Moisture
Ash

(Burton et
al., 1972)
16
4.5
10.1
2.2

(Oshodi et al., 1999)
13.6
7.6
10.2
1.8

(Ritu et al.,
2018)
12.01
4.96
10.2
1.49

1.3.2 Production of Protein Hydrolysates
Protein hydrolysates (PHs) are produced using various approaches and generated PHs
contain a mixture of peptides. To exhibit health promoting effects, the bioactive peptides must be released from the protein structure. This can be achieved by hydrolysing
the parent proteins by enzymatic hydrolysis, simulated gastrointestinal digestion, and
bacterial fermentation (Hajfathalian et al., 2018). Each of the method have a specific
importance, for example, enzymatic hydrolysis which plays a big role to release the
potential peptides from original proteins is most commonly used approach (Bhandari et
al., 2020). The bioactivity of peptides mainly depends on the isolated peptides size,
processing conditions, and enzymes used in hydrolysis (Udenigwe and Aluko, 2011).
The biological activity of the protein hydrolysates is determined by their endogenous
amino acid content and sequence. Active sequences can range in size from two to
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twenty amino acid residues, and several peptides have been shown to have multifunctional properties (Meisel & FitzGerald, 2003). Hydrolysates from plant-based protein
sources can attained by using methods mentioned below.
1.3.2.1 Simulated Gastrointestinal Digestion (SGID)
The proteins can be hydrolysed to release the bioactive peptides upon simulation of the
digestion process using gastric and intestinal digestive enzymes found in the stomach,
small intestine, and pancreas such as chymotrypsin, pancreatin, pepsin, and trypsin
(Korhonen and Pihlanto, 2006). The generated peptides are absorbed via small intestine
walls and ultimately circulated into the blood (Chatterjee et al., 2018). The produced
hydrolysates are evaluated for peptide identification using various analytical chromatographic techniques.
1.3.2.2 In-vitro Enzymatic Hydrolysis
One of the most common methods used to produce bioactive peptides from intact proteins is enzymatic hydrolysis. In enzymatic hydrolysis different proteolytic enzymes are
utilized such us papain, bromelain, pepsin, alcalase, pancreatin, trypsin, chymotrypsin,
alkalies, thermolysin, and enzymes from bacterial and fungal sources (Korhonen and
Pihlanto, 2006). Proteolytic enzymes are known to have many advantages in producing
of bioactive peptides such as being active in regulated and mild conditions and short
hydrolysis time (Kang et al., 2020). However, to produce protein hydrolysates with high
bioactive properties, the use of a proper enzyme with controlling the processing conditions for example temperature, pH, time, and enzyme/protein ratio is very critical
(Hajfathalian et al., 2017). It has been reported that controlled enzymatic hydrolysis is
important for producing hydrolysates in order to maintain the desired activities of the
hydrolysates and peptides (Tavano, 2013). Moreover, it is also important to evade excessive protein hydrolysis that might result information of bitter peptides (Jung et al.,
2005). Thus, it is important to control the degree of hydrolysis thereby aiming to obtain
protein hydrolysates with high bioactive and functional properties. Rizzello et al. (2016)
reported that to result in a degree of hydrolysis the enzymes need a short time. Also, it’s
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possible to generate peptides with reproduceable molecular weight profiles and compositions by controlling the enzymatic reaction.
1.3.2.3 Microbial Fermentation
In addition to producing bioactive peptides by in-vitro digestion or enzymatic hydrolysis, certain microbes can be used to hydrolyze parent protein via fermentation process
(Hajfathalian et al., 2017). Fermentation is considered as efficient method for bioactive
peptides and food-grade hydrolyzed protein production. However, microbial fermentation may not carryout protein hydrolysis completely or to a desired level and thus additional supply of enzymes may be required (Chatterjee et al., 2018). Attaining of bioactive peptides by microbial fermentation is affordable compared to the enzymatic hydrolysis (Raveschot et al., 2018; Ulug et al., 2021). Lactobacillus spp. is commonly
used for enrichment of bioactive peptide since they are highly adaptable to a variety of
environments and plant or animal -based matrices. Lactic acid bacterial fermentation is
useful to obtain bioactive peptides and in recovering components such as chitins, lipids,
and minerals (Hajfathalian et al., 2017). It is also noteworthy and desirable to choose
suitable bacterial cultures as different cultures can produce peptides with different activities, yield, and composition (Sánchez & Vázquez, 2017).
1.3.3 Bioactive Properties of Plant- derived Protein Hydrolysates
Recently, several studies and researchers are investing a stronger focus on the identification and characterization of bioactive peptides from plant-based proteins. After protein is being hydrolysed, the released peptides might exert physiological functions at
varied degree. Moreover, they may assume various activities such as antioxidative, immunomodulatory, anti-hypercholesterolemic, antimicrobial, hypo-cholesterolemic and
antihypertensive properties (Chatterjee et al., 2018). Therefore, bioactive peptides derived from plant proteins- are widely explored as a practical and sustainable source in
the management of lifestyle-related and metabolic disorders. The range of bioactive
properties demonstrated by Bitter apple and Pearl millet protein hydrolysates are concised in later sections.
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1.3.3.1 In-vitro Antioxidative Properties
Reactive oxygen species have destructive impact on human health and lead to oxidative
damage to the cell membranes and they allied to diseases such as cancer, diabetes, Alzheimer's, immune system decline, cardiovascular diseases (Shahidi & Ambigaipalan,
2015; Mukhia et al., 2021). Protein hydrolysates and produced peptides with antioxidant activity can protect cells from reactive oxygen species damage. Aluko, (2015) reported that as a results of the scavenging activity of the peptides, it can demonstrate
antioxidant activity. Other factors which affect the ability of peptides antioxidant activity can be amino acid composition and peptides size, (Sarmadi and Ismail, 2010). Many
dietary proteins have been hydrolyzed enzymatically to generate peptides with antioxidant activity, such as corn, potato, amaranth, and rice proteins (Zhang & Mu, 2017).
A study reported antioxidant activity from the peptide fraction derived from pearl millet
which been hydrolyzed by trypsin (Agrawal et al., 2016). Similarly, in previous study,
quinoa and amaranth proteins hydrolyzed by chymotrypsin had demonstrate ABTS and
DPPH radical scavenging capabilities after 2 and 4 h of hydrolysis (Mudgil et al., 2019).
Potent antioxidant peptides were identified from hydrolysates of finger millet protein
generated by trypsin and pepsin (Agrawal et al., 2019). Other study on pea protein hydrolysates by alcalase with antioxidant peptides observed DPPH activity of 37.94%
(Ding et al., 2020). Karkouch et al. (2017) reported a IC50 value between 0.25–1.9
µg/ml DPPH radical scavenging activity of Vicia faba seed hydrolysates generated by
Trypsin. Zhang et al. (2018) reported variation in the antioxidant activities of soybean
proteins hydrolyzed with alcalase using ABTS, DPPH, and FRAP assays, their IC50
values been found to be 4.22, 2.93, and 0.67 µg/ml, respectively.
1.3.3.2 In-vitro Antidiabetic Properties

The main strategies used to determine the produced bioactive peptides antidiabetic activity include the metabolic enzymes and DPP-IV Inhibition. Various bioactive peptides
derived from plant-based matrixes have showed inhibitory activity against metabolic
enzymes, such as pea protein alcalase hydrolysate, which has been shown to have high
inhibitory activity against α-amylase and α-glucosidase. According to the findings, alcalase hydrolysis of pea proteins resulted in a larger production of smaller peptides that
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may easily attach to the enzymes active site, resulting in increased inhibitory activity
(Awosika & Aluko, 2019). A pentapeptide (LPLLR) generated from walnut protein alcalase hydrolysate was found to inhibit α-glucosidase and α-amylase by 50% and 39%,
respectively (Wang et al., 2020). Similarly, low molecular weight peptides derived from
pinto bean hydrolysate also reported with strong α-amylase inhibitory activity (49.9 to
62.1%) (Oseguera-Toledo et al., 2015; Ngoh & Gan, 2016). Moreover, Valencia-Meja
et al. (2019) also found that low molecular weight peptide fractions produced from
Phaseolus vulgaris inhibited α-amylase and α-glucosidase with 16.9%–89.1% and
34.4%–89.2% inhibition, respectively. A recent study of DPP-IV inhibition from plant
proteins hydrolyzed with subtilisin, trypsin, and flavourzyme found that soy had the
highest inhibitory potential (IC50 value of 2.39 mg/ml), then chickpea (2.68 mg/ml),
lentil (2.68 mg/ml), and pea hydrolysates (2.93 mg/ml). Furthermore, most effective
inhibitory peptides had molecular weights ranging from 400 to 3000 Da. Three peptides,
EPAAV, NPLL, and APFTVV, were found to be the most active in inhibiting DPP-IV
activity in soy, lupine and quinoa, respectively (Rivero-Pino et al., 2021). DPP-IV inhibitory action was also found in Bambara bean protein hydrolysates generated by alcalase, with an IC50 value of 1.73 mg/ml (Mune et al., 2018). A recent study on Hairless
canary seeds hydrolysates (< 3 kDa and 3–10 kDa peptide fractions) also showed αglucosidase and DPP-IV inhibitory effect as IC50 values as 0.82–1.15 and 1.27–1.60
mg/mL, respectively (Urbizo-Reyes et al., 2021). In a recent study, it was also found
that amaranth protein hydrolysates made with bromelain, chymotrypsin, and pronase E
inhibited DPP-IV and α-glucosidase better than intact protein isolate (Kamal et al.,
2021). Overall, in-vitro antidiabetic properties of plant-based protein hydrolysates are
being intensively explored current and new insights are expected to reveal in coming
years.
1.3.3.3 In-vitro Anti-hypercholesterolemic Properties
Obesity, which is defined as an excess of fat in the adipose tissues, is frequently linked
to various metabolic disorders such as type 2 diabetes, hypertension, cancer, and cardiovascular disease. Therefore, controlling adipocyte differentiation could be an effective
technique for preventing or treating obesity. Inhibition of metabolic enzymes such
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pancreatic lipases, which are the main secretory enzymes responsible for the breakdown
and absorption of 50-70 percent of dietary fats, is also a good way to manage weight
(Singh et al., 2021). Plant-derived bioactive peptides have been shown to inhibit metabolic enzymes and prevent adipocyte development. On the same line, enzymatic hydrolysis of Spirulina platensis showed antiobesity effect by inhibiting pancreatic lipase
and 3T3-L1 preadipocytes. Low molecular weight fractions (>10 kDa and 3–5 kDa) of
papain and alcalase hydrolysates inhibited pancreatic lipase by more than 50% (Fan et
al., 2018). In addition, a seabuckthorn seed alcalase hydrolysate containing arginine
peptides was likewise identified as having ~35% pancreatic lipase inhibitory activity
(Xiang et al., 2020). Moreover, bioactive peptides derived from cumin seed also inhibited pancreatic lipase activity by more than 50% (Siow et al., 2016). Furthermore, peptide fractions of 3.5–7.0 kDa molecular mass released by simulated gastrointestinal digestion of fermented bean seeds also inhibited PL with an IC50 value of 1.19 mg/ml
(Jakubczyk et al., 2017). Pinto bean peptides also suppressed lipase activity by a factor
of 23 to 87%, with catalytic residues of lipase strongly bound to peptides, preventing
the enzyme from hydrolyzing lipids (Ngoh et al., 2017). Recently, Ketprayoon et al.
(2021) identified for lipase inhibitory activity of IC50 value 2.84 μg/ml in de-oiled rice
bran alcalase hydrolysates. Similarly, peptides derived from the prolamin treatment of
heat-treated millet grains were also found to have PL inhibitory effect with an IC50 of
0.03 mg/ml (Jakubczyk et al., 2019).
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Chapter 2: Production, Characterization, and Bioactive Properties of
Bitter Apple Protein Hydrolysates
2.1 Methods
2.1.1 Materials, Chemicals and Reagents
Bitter apple seeds were purchased from the local market of Al Ain (United Arab Emirates). Proteases (alcalase, bromelain, and chymotrypsin), α-amylase (from porcine pancreatic), lipase (from porcine pancreas), dipeptidyl peptidase-IV (DPP-IV), 2, 2-azinobis (3-ethylbenzthiazoline-6-sulphonic acid) (ABTS), 2, 2-diphenyl-1-picrylhydrazyl
(DPPH), o-phthaldialdehyde (OPA), and other common chemicals were purchased
from Sigma Aldrich (St. Louis, MO, USA). Chemicals and reagents used in this study
were analytical grade.
2.1.2 Protein Isolation
Bitter apple seed flour was used to generate protein isolates in accordance with method
mentioned by Mudgil et al. (2019). The seeds were milled by an electric grinder IKA
A11 (Guangzhou, China) and sieved through 3 μm pore size sieve (Sieve shaker OCTAGON 200CL, Endecotts Ltd., London, UK). The seed flour was defatted for 2 h with
hexane, then mixed with 0.012 mol/L NaOH (1:10; flour:NaOH) and kept under shaking at ambient temperature for another 2 h before being stored overnight at 4±2°C. Subsequently, the sample was homogenized at 25500xg for 2 min and centrifuged twice at
4700×g (30 min) and 10,000×g (20 min) at 4°C. The supernatant was filtered through
Whatman no. 1 filter paper, the pH was adjusted to 4.5 using 10% HCL, and the precipitated protein was collected by centrifugation at 10,000 g for 10 minutes at 4°C.
Finally, the bitter apple seed protein isolates (BAPI) were washed in deionised water,
neutralised with 1 mol/L NaOH, and stored at -20°C until further use. The protein content of the BAPI was 87.92% and was estimated using the Kjeldahl method (Kjeldahl,
1883).
2.1.3 Production of BAPH
Protein hydrolysis was carried out according to the method suggested previously by
Mudgil et al. (2019). Initially, BAPI was thawed at 4°C and immediately homogenized
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at 25500×g for 1 min, and centrifuged at 10000×g for 10 min at 4°C. The obtained
protein isolate was diluted in distilled water to make 4% protein solution, and then divided into Schott bottles with 150 ml each for hydrolysis. Before adding enzymes in the
ratio of 1:100, the pH of BAPI was adjusted to 7.5-8.0, 8.0, and 7.0 for chymotrypsin,
alcalase, and bromelain, respectively. The enzyme: substrate mixtures were incubated
in water bath at 50°C for three different time intervals 3, 6 and 9 h. The enzyme-treated
samples were removed after each time period and placed in a water bath at 95°C for 10
minutes to render the enzymes inactive. The samples were then centrifuged at 10,000 g
for 10 min at 4°C, and the supernatant containing BAPH was collected and stored at 20°C until use.
2.1.4 Degree of Hydrolysis
Degree of hydrolysis (DH) was investigated using the ο-phthaldialdehyde (OPA)
method as described by Mudgil et al. (2019). The prepared BAPH was mixed with
freshly prepared OPA reagent, and the absorbance was measured at 340 nm to estimate
the amount of free amino nitrogen. The standard curve of tryptone was constructed to
determine the content of free amino acid and DH% was calculated by using following
Equation (1).
DH(%) =

𝐵𝐴𝑃𝐻 (𝑇𝑒𝑠𝑡)−𝐵𝐴𝑃𝐼 (Control)
𝐵𝐴𝑃𝐻 (𝑇𝑒𝑠𝑡)

∗ 100

(1)

2.1.5 In-vitro Antioxidant Activity
2.1.5.1 2,2'-azino-bis-(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) Radical Scavenging Assay
ABTS radical scavenging activity of BAPH samples was determined according to
method described by Al-Shamsi et al. (2018). 2.6 mM potassium persulphate solution
and 7.4 mM ABTS solution were mixed and left to react for 12 h in the shade at 25°C
to prepare the stock solutions used in the assay. For the preparation of the working
solution the stock solution was diluted using methanol 99.7% till a final absorbance of
1.1. 20 µl of sample was mixed with 180 µl of ABTS reagent solution then mixture was
incubated at 37°C for 30 min. The absorbance was then read at 734 nm the microplate
reader (Epoch 2, BioTek, VT, USA). For blank sample preparation, methanol was used
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instead of ABTS reagent. A standard curve was prepared using trolox with concentration between 50 to 600 µM. The results were expressed as Trolox equivalent antioxidant
activity (mM TE/g protein).
2.1.5.2 2,2-diphenyl-1-picrylhydrazyl (DPPH) Radical Scavenging Activity
BAPH samples radical scavenging activity against DPPH radicals was determined using the method described by Al-Shamsi et al. (2018). Concisely, 100 µl of the sample
was mixed with 100 µl of 0.15 mM DPPH reagent powder dissolved in 95% ethanol.
The mixture was incubated at 37°C for 30 min. In a microplate reader, the absorbance
was measured at 517 nm (Epoch 2, BioTek, VT, USA). Blank sample was prepared
using same steps except the 100 µl of DPPH reagent was replaced by 100 µl of deionized water. Standard curve was prepared using Trolox as standard with concentrations
between 10-60 µM. The results were expressed as Trolox equivalent antioxidant activity (mM TE/g protein).
2.1.5.3 Ferric Reducing Power (FRAP) Assay
The ferric reducing power of BAPH samples was measured using the method described
by Benzie and Strain, (1996) with few modifications. FRAP reagent was prepared by
mixing sodium acetate buffer (300 mM; pH 3.6) wth FeCl3.6H2O (20 mM) and 2,4,6tripyridyl-s-triazine (TPTZ; 10 mM prepared in 40 mM HCl) in a ratio of 10:1:1 v/v. In
96 well microplate, 10 µl of BAPH samples were mixed with 180 µl of FRAP reagent,
then the mixture was incubated at 37°C for 30 min. In a microplate reader, the absorbance was measured at 593 nm (Epoch 2, BioTek, VT, USA). Blank sample was prepared
following the same steps but with replacing the ABTS reagent with deionized water.
Trolox was used as a standard, with concentrations ranging from 50 to 600 µM. Finally,
the results were expressed as Trolox equivalent antioxidant activity (mM TE/g protein).
2.1.6 In-vitro Anti-diabetic Activity
2.1.6.1 Inhibition of α-amylase
The inhibition of α-amylase was evaluated for the enzymatically hydrolysed BAPI using alcalase, bromelain, and chymotrypsin following the method described by Ahmad
et al. (2019) and Mudgil et al. (2019). 25 µl of the samples were mixed with 50 µl of
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p-nitrophenyl-α-D-maltohexaoside (pNPM; 5mM) (substrate) and 50 µl of porcine pancreatic AA enzyme (5 mg/ml) in 96-well microplate. The final volume was adjusted to
250 µl using sodium phosphate buffer (0.02 M; pH 6.9) and incubated at 37°C for 90
min. A control sample was prepared without using the BAPH by following the same
steps to to represent a 100% enzyme activity. The p-nitrophenyl produced was measured at 405 nm on a microplate reader (Epoch 2, BioTek, VT, USA). A black sample
was prepared for the purpose of eliminating the background absorbance of the BAPH
samples. For the role of a positive inhibition control, acarbose was used. Each sample
was analyzed in triplicate and the percentage of α-amylase inhibition was calculated
using Equation (2)
Enzyme Inhibition (%) = (1 − (

𝐶−𝐷
𝐴−𝐵

)) ∗ 100

(2)

Where, A – control, B – control blank, C – test sample and D – test reaction
blank referred respectively as follows, only enzyme, only buffer, enzyme and test sample, only test sample. Substrate was presented in all the reactions.
The required concentration that can inhibit 50% (IC50) of α-amylase enzyme was obtained by plotting the percentage inhibition as a function of the test compound concentration. The IC50 values were expressed as µg protein /ml.
2.1.6.2 Inhibition of α-glucosidase
The inhibitory activity of BAPH against α-glucosidase was evaluated following the
method described by Zhang et al. (2015) with few modifications. Briefly, in a 96 well
plate, 50 μL of sample was mixed with 50 μL of 4 mM 4-nitrophenyl-β-D-glucopyranoside (pNPG) solution previously dissolved in 0.1 M phosphate buffer, pH 6.8, and
50 μL of 0.2 U/ml α-glucosidase enzyme solution from yeast. The plates were incubated at 37°C for 30 min and the release of p-nitrophenol from pNPG was measured
at 405 nm. Each sample was analyzed in triplicate and the percentage of α-Glucosidase inhibition was calculated using Equation (2)
Enzyme Inhibition (%) = (1 − (

𝐶−𝐷
𝐴−𝐵

)) ∗ 100

(2)
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Where, A – control, B – control blank, C – test sample and D – test reaction
blank referred respectively as follows, only enzyme, only buffer, enzyme and test sample, only test sample. Substrate was presented in all the reactions.
The IC50 of α-glucosidase activity was calculated as mentioned in section 2.1.6.1.
2.1.6.3 Inhibition of Dipeptidyl Peptidase IV (DPP-IV)
The BAPH inhibitory activity of DPP-IV was determined according to the method described by Kamal et al. (2018). In brief, in a 96 well plate, 25 µl of PMPH sample were
mixed with 50 µl of Gly-Pro-p- nitroanilide reaction substrate (0.5 mM), 25 µl of DPPIV (8 U/ l), 100 µl of 0.1 M of TRIS-HCl buffer (pH 8.0) then the mixture was incubated
for 90 min at 37°C. The released p-nitroanilide was measured at 405 nm. A control
sample was prepared following the same steps. Blank samples were prepared as described in section 2.1.6.1. Diprotin (Ile-Pro-Ile), was used as a positive inhibition control. The inhibition percentage of DPP-IV was calculated using the equation and steps
mentioned in section 2.1.6.1.
2.1.7 In-vitro Anti-hypercholesterolemic Activity
In-vitro anti-hypercholesterolemic activity was determined through cholesteryl esterase
(CE) and pancreatic lipase (LIP) inhibitory activity according to the method of Ahmad
et al. (2019) and Mudgil et al. (2019). Both BAPH and BAPI were incubated with 50
µL of substrate includes 5 mM p-nitrophenyl butyrate in 100 mM sodium phosphate
buffer, and 100 mM NaCl. After that, 50 µL of porcine pancreatic CE at a concentration
of 5 g/mL was added and incubated at 37°C for 30 min. The reaction was stopped with
1 M HCL, and the absorbance was measured at 405 nm with a microplate reader (Epoch
2, BioTek). Similarly, for PL inhibitory action, both test and control samples (50 µL)
were mixed with a solution containing 20 µL PL and 25 µL p-nitrophenyl butyrate in
sodium phosphate buffer. The volume was then increased to 150 µL using buffer and
incubated at 37°C for 30 minutes. The absorbance for PL inhibition was also measure
at 405 nm. The percentage enzyme inhibition was calculated as per the Equation (2)
and the IC50 value determined as per the section 2.1.6.
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2.1.8 Statistical Analysis
All the experiments were performed in triplicates and the results were analyzed using
SPSS (Version 21, Chicago, II, USA). One-way ANOVA with Turkey’s multiple range
test was applied to determine the significance of the results at a significance level of
p<0.05.
2.2 Results and Discussion
2.2.1 Degree of Hydrolysis
The degree of hydrolysis (DH) is a vital parameter that affects the modifications of
proteins, functional, and bioactive properties of protein and peptides (Udenigwe &
Aluko, 2012). DH is used to calculate the amount of soluble peptide produced during
enzymatic hydrolysis. Enzymatic degradation of BAPI using proteolytic enzymes will
release several physiologically active peptides (Famuwagun et al., 2021; Fathollahy et
al., 2021). The measured DH values of BAPH by alcalase, bromelain, and chymotrypsin
for 3, 6, and 9 h (A3-9, B3-9, and C3-9) are presented in Figure 1. From the obtained
DH, it was clear that increasing the hydrolysis time for all three enzymes had a significant positive effect in improving the DH of BAPI (Figure 1). After 3 hours, all three
enzymes showed a rapid rate of hydrolysis, indicating that enzymes are actively involved in peptide bond degradation. However, the rate of reaction was low and limited
after 6 hours. A similar trend of DH was reported by Zaharuddin et al. (2020), where
Hibiscus cannabinus seed protein was hydrolysed using alcalase, bromelain, flavourzyme, and papain for 6 h. At the start of the hydrolysis process rapid and exponential rate of hydrolysis was observed, however, after 3 h of hydrolysis, there was no
significant change in DH due to enzyme denaturation or absence of more enzymatic
cleavage sites. Another study that investigated the hydrolysis of kernel cake protein
using bromelain, flavourzyme, and papain have reported no change in DH after 5 h of
hydrolysis (Zarie et al., 2012). In this study the DH of alcalase-treated samples after 3,
6, and 9 h were 20.93%, 80.77%, and 81.73%, respectively. There was a significant
difference between DH obtained after for 6 h and 3 h. Moreover, there was no significant effect noticed in DH when hydrolysis time was increased to 9 h (Figure 1). Previous
studies done by Xie et al. (2019) and Fathollahy et al. (2021) investigated that
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enzymatic hydrolysis of plant-based protein using alcalase, neutrase, and protamex for
2 and 4 h at 50°C have reported DH of 23.51% and 33.80% by alcalase, 20.77% and
25.05% by neutrase, and 18.53% and 18.23% by protamex. From the reported results
above and other studies it was concluded that alcalase has broad specificity and high
efficiency in hydrolysing proteins (Bhaskar et al., 2019; Xie et al., 2019; Fathollahy et
al., 2021). Enzymatic hydrolysis of sesame seeds using alcalase, papain, and pepsin for
up to 120 min have resulted in DH of 78.2%, 63.3%, and 61.7%, respectively confirming high hydrolysis efficiency of alcalase (Chatterjee et al., 2015). BAPI samples hydrolysed by bromelain for 3, 6, and 9 h exhibited the same trend that occurred when
BAPI was hydrolysed by alcalase. B9 had the highest DH (81.45%) which was significantly higher than DH achieved after 3 h (56.9%) and similar to DH of B6 (78.38%).
Bromelain, in particular, has a stronger affinity for peptide bonds formed by amino acids next to alanine, glutamic acid, aspartic acid, glycine, lysine, and arginine (de lencastre Novaes et al., 2016; Xu et al., 2021). Chymotrypsin-treated hydrolysates for 9 h
(C9) had the highest DH with 87.82%, followed by C6 (77.15%), and C3 (8.60%). All
chymotrypsin hydrolysed samples were significantly different from each other with C9
confirmed to possess the highest DH. This signifies the broad catalytic activity of chymotrypsin on cleaving peptides than other enzymes. In agreement with our findings,
Famuwagun et al. (2021) also reported that hydrolysis of eggplant protein by chymotrypsin achieved higher DH (28%) than DH of alcalase (22%). However, a previous
study that hydrolysis of pea seed proteins for 120 min using 11 enzymes including alcalase, bromelain, and chymotrypsin have reported that DH achieved using C was the
lowest (1.81%) compared to other enzymes, while the DH of alcalase and bromelain
was 9.24% and 3.57% (Arteaga et al., 2020). The difference in the efficiency of enzymes in hydrolysing plant-based protein can be due to low enzyme-substrate interaction and substrate specificity (Hedstrom et al., 1992; Pouvreau et al., 1998; Arteaga et
al., 2020). Moreover, significant difference in DH results could be linked to the type of
enzyme and substrate, which have a significant impact on the susceptibility of proteins
to enzymatic hydrolysis (Fathollahy et al., 2021; Mudgil et al., 2021). Bromelain, chymotrypsin and cysteine proteases are highly specific in hydrolyzing peptide bonds
(Selamassakul et al., 2018). The characteristics of enzymatic hydrolysates are
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influenced by many factors, including selection of enzyme and process conditions such
as pH, time, temperature, and enzyme concentration. However, the intensity of enzymatic hydrolysis and its role in altering protein structure has been shown to improve the
quality of functional characteristics and bioactivities of proteins without reducing their
nutritional value (Arise et al., 2016; Xu et al., 2020). Overall, results obtained from this
study showed that hydrolysis of Citrullus seed protein using chymotrypsin achieved the
highest DH, followed by alcalase and bromelain (Figure 1). To better understand the
impact of enzymatic hydrolysis on the structural and biochemical features of protein
hydrolysates, BAPHs were studied for antioxidant, anti-diabetic, and anti-hypercholesterolemic bioactivities.
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Figure 1: Degree of hydrolysis (DH%) of BAPHs generated by alcalase, bromelain, and
chymotrypsin at 3, 6 and 9 h of hydrolysis time. Different letters on each bar implies
the significant difference between the samples analyzed.

2.2.2 In-vitro Antioxidant Activity
Owing to a variable antioxidative mechanism such as inactivation of reactive oxygen
species (ROS), quenching free radicals, chelation of metal ions and electron and hydrogen transfer reactions, selective reaction mechanism like free-radical scavenging and
reducing potential of the BAPH were investigated. The primary in-vitro antioxidant
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assays employed in this study include DPPH, ABTS, and FRAP, with their inhibitory
concentration compared to the standard, Trolox Equivalent Antioxidant Capacity
(TEAC), as enumerated in Table 3.
Table 3: 2, 2'-Azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), 2,2-diphenyl-1-picrylhydrazyl (DPPH), and ferric-reducing antioxidant power (FRAP) activity
of BAPHs produced by alcalase (A), bromelain (B), and chymotrypsin (C) at 3, 6, and
9 h of hydrolysis time.
Samples

ABTS

DPPH

FRAP

Control
A3
A6
A9
B3
B6
B9
C3
C6
C9

371.2 ± 18.8b
437.5 ± 30.5c
391.2 ± 9.98b
369.9 ± 11.0b
290.8 ± 11.5a
454.1 ± 11.2c
437.1 ± 9.3c
354.3 ± 20.9b
525.2 ± 33.2d
504.2 ± 29.1d

26.33 ± 3.77ab
44.95 ± 3.17c
41.67 ± 1.48c
32.24 ± 3.25b
24.49 ± 4.54a
49.09 ± 1.92cd
55.02 ± 6.54d
26.41 ± 3.72ab
65.7 ± 2.96e
52.86 ± 5.26d

156.5 ± 14.0c
192.5 ± 17.0d
134.7 ± 16.8abc
118.8 ± 8.81a
132.8 ± 13.2ab
149.4 ± 5.66bc
145.8 ± 8.42bc
155 ± 14.6bc
147.7 ± 6.76bc
116.7 ± 10.5a

Data represents mean ± SD. Diverse letters found in one column signifies that there is
a significant difference between the samples. ABTS, DPPH, and FRAP is represented
in Trolox Equivalent Antioxidant Capacity (TEAC) mmol TE/g.
2.2.2.1 Radical-scavenging Activity
DPPH and ABTS radical scavenging activities of the BAPHs were significantly (P ˂
0.05) higher than BAPI, as presented in Table 3. A3 derived hydrolysates showed high
DPPH and ABTS scavenging activities with values around 44.95 and 437.5 mmol TE/g,
respectively which are significantly higher than the values obtained by A6 (41.67 and
391.2 mmol TE/g), A9 (32.24 and 369.9 mmol TE/g), and control (26.33 and 371.2
mmol TE/g). The decrease in antioxidant activities of BAPH with increasing the hydrolysis time can be due to changes in the length and structure of protein peptides or
amino acid sequence (Zhidong et al., 2013; Mahdavi-Yekta et al., 2019; Zhang et al.,
2022). Previous study that investigated the enzymatic hydrolysis of perilla seed proteins
by enzymes such as alcalase, papain, Flavourzyme, and neutral protease for 4, 6, and 8
h, reported that the antioxidant activity of hydrolysed samples decreased with increasing
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hydrolysis time from 4 to 8 h, with maximum DPPH radical scavenging activity of 85%
was observed for samples hydrolysed for 4 h (Zhang et al., 2022). Another study done
by Mahdavi-Yekta et al. (2019) that hydrolysed quinoa seed protein using alcalase for
maximum 4 h has reported that there was a significant improvement in the radical scavenging activity of samples hydrolysed up to 2.5 h followed by a significant decrease.
Conversely, the scavenging activity of B derived hydrolysates increased with exposure
time, with B9 having high DPPH and ABTS scavenging activity values of 55.02 and
437.1 mmol TE/g. Enzymatic hydrolysis of corn protein using bromelain for 0.5 to 5 h,
have resulted in a significant increase in the DPPH radical scavenging activity of hydrolysed samples with activities up to 80% (Hu et al., 2020). Increasing the hydrolysis
time improved the ABTS and DPPH radical scavenging activity of butterfly pea protein
samples with maximum obtained values were around 39 and 12.4 mg TE/g, respectively
(Ee et al., 2019). However, with chymotrypsin derived hydrolysates, initial increase in
DPPH and ABTS radical scavenging activities was noticed, then a noticeable drop in
the sample’s antioxidant activities was noticed when increasing hydrolysis time above
6 h. C6 achieved the highest DPPH and ABTS scavenging activity values of 65.7 and
525.2 mmol TE/g, respectively. Previous study that hydrolysed walnut protein using
several enzymes including chymotrypsin has reported that antioxidant activity of samples exhibited significant increase when hydrolysed for 1 h with 45% activity then activity dropped to reach 35% after 4 h hydrolysis (Jahanbani et al., 2016). Alashi et al.
(2014) reported that protein hydrolysed produced from canola meal protein by chymotrypsin had higher ABTS radical scavenging activity compared to hydrolysates derived
by pepsin, trypsin, and pancreatin with IC50 values of 14 ug/ml. Overall, our results are
in agreement with finding reported by Aderinola et al. (2018) which confirmed enzyme
derived protein hydrolysates had antioxidant activities higher than native protein
isolates. Radical scavenging activity is linked with the DH and molecular weight of the
hydrolysed protein, so as DH increases, the MW of peptides decrease that will results
in increase in the peptides scavenging activity. Various studies documented that higher
the DH value results in low molecular weight peptides that efficiently interact with
DPPH and ABTS radicals (Dong et al., 2008; Vaštag et al., 2011; Ye et al., 2018). This
implies that the specificity of protease enzymes, exposure time, and amino acid
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composition of proteins influence the release of peptides that can scavenge ABTS or
DPPH radical during the hydrolysis process. This study protracts a strong correlation
between the DH and antioxidant potential, as chymotrypsin treated hydrolysates
showed highest DH and the radical scavenging activities. However, other soluble compounds, such as sugars, phenolic acids, and free amino acids present in the hydrolysates
may also attribute to the higher antioxidant activity (Delazar et al., 2006; Famuwagun
et al., 2021). Altogether, results emphasized that hydrolysates are physiologically bioactive compared to the intact extracts.
2.2.2.2 Ferric-reducing Antioxidant Power (FRAP)
The FRAP assay is used to find out the ability of BAPI and BAPH to transform ferric
ions to ferrous ions. Reducing antioxidant capacity of the BAPHs were summarized in
Table 3. The BAPI exhibited ferric reduction potential of 156.5 mmol TE/g; while alcalase digested hydrolysates (A3) showed a 23% increase with FRAP value of 192.5
mmol TE/g. However, bromelain and chymotrypsin treated hydrolysates had reduced
FRAP values compared to BAPI. The results suggested that BAPHs (B3-9, C3-9)
showed poor ferric ion reducing ability, which indicates that FRAP activity significantly decreased with increasing the treatment time of enzymes. The reason may be due
to the contribution of amino acid composition and sequence in the peptide chain, which
significantly affect the ferric ion reducing power. Our findings are consistent with reports found that protein hydrolysate with high molecular weight had high FRAP activity
(Olagunju et al., 2018; Sonklin et al., 2018; Bahari et al., 2020; Hunsakul et al., 2021).
Subsequently, several other factors like specificity of enzymes, pH, peptide net charge
hydrophobicity and the preponderance of antioxidant amino acid residues influences
the anti-radical acidity of BAPH (Zhao et al., 2011; Quansah et al., 2013; Day & Dora,
2014; Sandoval-Gallardo et al., 2020). The antioxidant reduction potential of alcalase
digested BAPH was in accordance with previous work reported by Popović et al. (2013)
concluded that pumpkin protein alcalase hydrolysates had active peptides with higher
reducing power. In this study, alcalase derived hydrolysates for 3 h had the highest
reducing power when compared to other enzyme derived hydrolysates with FRAP
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values of 192.5 mmol TE/g. Moreover, hydrolysing BA protein using bromelain and
chymotrypsin for 3, 6, and 9 h had a negative effect on the reducing power of all samples.
2.2.3 In-vitro Anti-diabetic Activity
2.2.3.1 Inhibition of α-glucosidase and α-amylase
The inhibitory potential of BAPHs towards α-glucosidase is presented in Figure 2 and
α-amylase is presented in Figure 3. The findings showed a significant difference in
BAPH against α-glucosidase and α-amylase as compared with intact protein. In case of
α-glucosidase, BAPH treated with bromelain for 6 h showed greater inhibitory activity
with an IC50 value of 13.27 µg/ mL, followed by chymotrypsin treated hydrolysates
(C6) with an IC50 value of 18.04 µg/mL and alcalase treated hydrolysates (A6) with an
IC50 value of 21.13 µg/mL. Overall, the presented results showed that intact protein
treated with bromelain is more efficient than chymotrypsin and alcalase in exhibiting
α-glucosidase inhibitory activity. These results agreed with finding reported by Kamal
et al., (2021) which reported that bromelain derived amaranth protein hydrolysates had
high α-glucosidase inhibitory with IC50 of 1.17 mg/ml in comparison to chymotrypsin
derived hydrolysates (2.45 mg/ml). Previous study that explored the hydrolysis of yellow field pea protein using alcalase and chymotrypsin has reported that chymotrypsin
derived protein hydrolysates had higher α-glucosidase and α-amylase inhibitory activities than alcalase derived protein hydrolysates (Awosika & Aluko, 2019). Famuwagun
et al. (2020) and Simsek, (2021) reported that chymotrypsin and alcalase derived amaranth leaf protein and hazelnut meal protein hydrolysates had very comparable α-glucosidase inhibitory activity (43% and 41%) and (3.89 and 3.62 mg/ml), respectively. In
this study, the inhibition of α-amylase by intact proteins was low (IC50 value of 51.42
µg /mL) compared to the BAPHs. Alcalase treated hydrolysates (A6) showed IC50 value
with the minimal concentration of 17.0 µg /mL resulting in a greater extent of α-amylase
inhibition. The inhibitory activity of alcalase hydrolysate against α-amylase increased
as the hydrolysis time increased from 3 to 6 h, while the inhibitory activity of the 9 h
treated sample was unexpectedly reduced. Similar pattern was observed for chymotrypsin treated BAPH, showed moderate activity with IC50 value of 23.29, 41.5, and 51.42
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µg/mL. In contrast, bromelain treated BAPH showed lesser activity with IC50 value
ranged from 29.74 to 48.1 µg/mL, correspondingly the inhibitory activity also decreased as the exposure period increased from 3 to 9 h. In line with our findings, previous studies by Arise et al. (2016) reported that alcalase hydrolyzed Citrullus lanatus
peptides showed significant inhibitory effects against α-amylase with percentage inhibition of 85.96% with a lowest IC50 value of 0.1493 mg/ml. The inhibition of α-amylase
was thought to be due to specific binding to peptides with cationic branched chain residues. All of the enzymes investigated (pepsin, trypsin, and alcalase) showed non-competitive inhibition, resulting in the interaction of peptide α-amylase, resulting in an intermediate complex with inhibitory activity. Similarly, walnut protein hydrolysate
treated with alcalase inhibited both α-glucosidase and α-amylase in a concentrationdependent manner. At a concentration of 2000 μM, the inhibitory effect on α-glucosidase and α-amylase was 50.12% and 39.08%, respectively (Wang, Wu, et al., 2020).
Afifah & Gan, (2016) also studied the inhibitory activity of alcalase digested basil seeds
and reported 36% of inhibitory activity towards α-amylase after 2 h of hydrolysis.
Moreover, polypeptide of Paeonina ostii cake treated with trypsase and alkaline protease showed stronger inhibition activity against both α-glucosidase and α-amylase, when
compared with other enzymes such as pepsin, papain, neutral protease and protemax. It
may be due to the various protease treatments resulted in different amino acid contents
in enzymatic polypeptides and because of their affinity and specificity of action on molecular targets (Qiao et al., 2020). Overall, these findings demonstrate that the inhibitory
mechanism is impacted by the type of enzyme and treatment period, with alcalase showing strong inhibitory effect against α-amylase and bromelain exhibiting strong inhibitory effect against α-glucosidase.
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Figure 2: GLU inhibition activity of BAPHs generated by alcalase, bromelain, and chymotrypsin at 3, 6, and 9 h of hydrolysis time. Results are displayed in IC50 (µg/mL).
Different letters on each bar implies the significant difference between the samples analyzed.
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2.2.3.2 Inhibition of DPP-IV
DPP-IV inhibitors are a class of antihyperglycemic medications used to treat type 2
diabetes mellitus, which is besides a major risk factor for cardiovascular problems.
Mostly, GLP-1 (glucagon-like peptide-1) and GIP (gastric inhibitory peptide) are the
constitute of DPP-IV enzyme, that acts on incretin hormones to maintain glucose homeostasis by boosting insulin production and lowering glucagon secretion (Kasina &
Baradhi, 2019). Therefore, the present study demonstrated anti-diabetic activity of BA
hydrolysates upon inhibition of DPP-IV. The IC50 values of hydrolysates were found to
be lower than the BAPI (87.7 µg/mL), ranging from 38.57 µg/mL (A3) to 70.04 µg/mL
(B3) (Figure 4). The maximum DPP-IV inhibition was found in BAPH hydrolysed with
A3 and C9, with scales of IC50 values 38.57 and 38.96 µg/mL, respectively. However,
when the hydrolysis period increased from 3 to 9 h, DPP-IV inhibitory activity reduced
noticeably, particularly in alcalase and bromelain derived hydrolysates. On the other
hand, the inhibitory activity increases as the treatment period increases, in the case of
chymotrypsin-generated hydrolysates. This difference might be attributed to variation
of enzyme and the time interval applied for the hydrolysis. Similar results were observed previously with bromelain and chymotrypsin derived quinoa protein hydrolysates, which revealed a rise in IC50 values as hydrolysis time increased from 4 h (0.90
mg/mL) to 6 h (1.12 mg/mL), whereas samples hydrolysed with chymotrypsin from 2
to 6 h showed increase in DPP-IV inhibitory activity with increasing hydrolysis time
with IC50 values of 0.98 and 0.72 mg/mL, respectively (Mudgil et al., 2020). In addition,
Kong et al. 2021 also highlighted the efficiency of alcalase-derived walnut protein hydrolysate with 33.9% inhibitory activity at IC50 value of 0.5 mg/m. Moreover, 1 h hydrolysates of cowpea bean protein by alcalase showed significant improvement in the
DPP-IV inhibitory activity when compared to the cowpea protein isolate sample, however as increasing the hydrolysis time up to 4 h significant decrease in DPP-IV inhibitory activity was observed (Rocha et al., 2014). Promising results were observed when
plant proteins, particularly oilseed proteins such as flaxseed, rapeseed, sunflower, sesame, and soybean, were enzymatically hydrolyzed with alcalase and pepsin, with inhibitory effects comparable to dairy-based protein (whey and casein) (Han et al., 2021).
Moreover, chickpea peptides produced by simulated gastrointestinal digestive also had
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higher inhibitory effect against DPP-IV and α-amylase, with IC50 values of 245 µg/mL
and 38.40%, respectively (Chandrasekaran et al., 2020). Similarly, germinated soybean
hydrolysates inhibited DPP-4, α-amylase, and α-glucosidase with IC50 values of 1.49,
1.70, and 2.90 mg/mL, respectively after gastric and intestinal digestions with pepsin
and pancreatin (González-Montoya et al., 2018). DPP-IV inhibitory activity was also
observed in wheat gluten derived tripeptides in the presence of ginger protease, with an
IC50 value of 20.2-29.6 µg/ml (Taga et al., 2017). Our present findings concluded that
hydrolysis of BA protein by A3, A6 and C9 samples showed high DPP-IV inhibition
activity compared to other samples, especially all bromelain derived hydrolysates samples exhibited low DPP-IV inhibition activity. Therefore, using different enzyme and
hydrolysis time results in significant difference among values of inhibition activity.
Vegetable proteins are now emerging as a viable source of protein for human consumption, as well as a significant source of bioactive compounds; the efficacy of BAPI and
BAPHs in inhibiting α-amylase, α-glucosidase and DPP-IV emphasises their possible
approach towards anti-diabetic supplements.
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Figure 4: DPP-IV inhibition activity of BAPHs generated by alcalase, bromelain, and
chymotrypsin at 3, 6, and 9 h of hydrolysis time. Results are displayed in IC50 (µg/mL).
Different letters on each bar implies the significant difference between the samples analyzed.
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2.2.4 In-vitro Anti-hypercholesterolemic Activity
2.2.4.1 Inhibition of Pancreatic Lipase and Cholesteryl Esterase
The prevention of fat digestion and absorption is a key strategy in the treatment of obesity. Therefore, limiting the key enzymes for fat digestion and absorption, pancreatic
lipase and cholesteryl esterase, reduces fat hydrolysis and cholesterol bioavailability,
lowering the risk of obesity. Therefore, this study was carried out to analyse inhibitory
effect of BAPI and BAPHs on cholesteryl esterase and pancreatic lipase. The inhibitory
activities of BAPHs (A3 – C9) against cholesteryl esterase and pancreatic lipase were
found significantly higher (P ˂ 0.05) with less IC50 values as compared to BAPI (Figures
5 and 6). The BAPH treated with chymotrypsin inhibited cholesteryl esterase more effectively with an IC50 value of 13.68 µg/mL during 6 h of hydrolysis than bromelain
(IC50 value of 14.55 µg/mL) and alcalase (IC50 value of 16.5 µg/mL). Similarly, the
effect of BAPH on pancreatic lipase inhibition was also found higher in chymotrypsin
treated samples, with an IC50 value of 14.12 µg/mL after 6 h of hydrolysis. Whereas the
activity of bromelain and alcalase-treated BAPHs was found higher, with IC50 values
of 29.26 µg/mL and 30.87 µg/mL, respectively, as compared to the BAPI (188.8
µg/mL). Overall, when BAPI samples were hydrolysed with alcalase, bromelain, and
chymotrypsin for 6 h, it inhibited pancreatic lipase more effectively than when it was
hydrolysed for 3 or 9 h. In the agreement with our finding, Ajayi et al. (2021) reported
that bromelain and chymotrypsin derived amaranth protein hydrolysates demonstrated
high cholesteryl esterase and pancreatic lipase inhibitory activities, with AB6 sample
having IC50 values of 0.53 and 0.38 mg/mL, respectively, while and AC2 and AC6 had
IC50 values of 1.35 and 0.81 mg/mL, respectively. Moreover, soy-derived bioactive peptides, FKTNDRPSIGN, SSPDIYNPQAGS, DTPMIGT, WGAPSL, IAVPGEVA,
VAWWMY, and FVVNATSN demonstrated remarkable in lipid lowering effect (Howard & Udenigwe, 2013). Similarly, bioactive peptide (Arg-Leu-Leu-Pro-His) extracted
from hazelnut protein also showed potential anti-hypercholesterolemic effects (Wang,
Zhou, et al., 2020). The highest pancreatic lipase inhibitory activity was also reported
in peptides from the prolamin treatment of millet grains protein at 65°C, with an IC 50
value of 0.03 mg/mL (Jakubczyk et al., 2019). The hypolipidaemic effect can be dependent on the concentration of protein hydrolysates and combination of peptides with
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other compounds in protein hydrolysates. A previous study on grape seed hydrolysate
concluded that along with peptides polyphenols was the primary compounds actively
implicated in the partial inhibition of cholesteryl esterase (Adisakwattana et al., 2010;
Ngamukote et al., 2011). The current study reported that hydrolysates produced after 6
h using A, B, and C showed the highest anti-hypercholesterolemic activities when compared to other BAPHs and BAPI samples. Moreover, this study was the first to investigate the anti-hypercholesterolemic effects of BAPHs in terms of pancreatic lipase and
cholesteryl esterase inhibition.
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Figure 5: CE inhibition activity of BAPHs generated by alcalase, bromelain, and chymotrypsin at 3, 6, and 9 h of hydrolysis time. Results are displayed in IC50 (µg/mL).
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Chapter 3: Production, Characterization, and Bioactive Properties of
Pearl Millet Protein Hydrolysates
3.1 Methods
3.1.1 Materials, Chemicals and Reagents
Pearl millet seeds were procured from the local market of Al Ain (United Arab Emirates). Proteases (chymotrypsin, alcalase and bromelain), α-amylase (from porcine pancreatic), lipase (from porcine pancreas), dipeptidyl peptidase IV (DPP-IV), 2, 2-azinobis (3-ethylbenzthiazoline-6-sulphonic acid) (ABTS), 2, 2-diphenyl-1-picrylhydrazyl
(DPPH), o-phthaldialdehyde (OPA), and other common chemicals were purchased
from Sigma Aldrich (St. Louis, MO, USA). All the chemicals and reagents used in the
study were analytical grade.
3.1.2 Protein Isolation
Pearl seed flour was used to generate protein isolates with of concentration of 79.56 %
in accordance with method mentioned by Mudgil et al., (2019). More details referred
in (section 2.1.2).
3.1.3 Production of PMPH
Protein hydrolysis was carried out according to the method suggested previously by
Mudgil et al., (2019). More details referred in (section 2.1.3).
3.1.4 Degree of Hydrolysis
Degree of hydrolysis (DH) was investigated using the ο-phthaldialdehyde (OPA)
method as described by Mudgil et al., (2019). More details referred in (section 2.1.4).
3.1.5 In-vitro Antioxidant Activity
DPPH, ABTS, and FRAP radical scavenging activity of PMPH (test samples) and
PMPI (control-intact protein) was analysed using the protocol explained by Al-Shamsi
et al. (2018). All the activity was measured in terms of trolox equivalent antioxidant
capacity (TEAC) as mmol trolox equivalents (TE)/g protein of hydrolysate using a
standard curve of Trolox (0–800 mmol/L). More details referred in section 2.1.5.
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3.1.6 In-vitro Anti-diabetic Activity
In-vitro anti-diabetic activities of PMPI and their hydrolysates (PMPH s) were explored
through α-amylase, α-glucosidase, and dipeptidyl peptidase IV (DPP-IV) inhibitory activity using the method described by Ahmad et al. (2019) and Mudgil et al. (2019),
respectively. More details referred in (section 2.1.6).
3.1.7 In-vitro Anti-hypercholesterolemic Activity
In-vitro anti-hypercholesterolemic activity was determined through cholesteryl esterase
(CE) and pancreatic lipase (PL) inhibitory activity according to the method of Ahmad
et al. (2019) and Mudgil et al. (2019). More details referred in (section 2.1.7).
3.1.8 Statistical Analysis
All the experiments were performed in triplicates and the results were analyzed using
SPSS (Version 21, Chicago, II, USA). One-way ANOVA with Turkey’s multiple range
test was applied to determine the significance of the results at a significance level of
(p<0.05).
3.2 Results and Discussion
3.2.1 Degree of Hydrolysis
Pearl millet protein was hydrolyzed with three different proteolytic enzymes such as
alcalase, bromelain, and chymotrypsin under their respective optimum conditions. The
degree of hydrolysis (DH) after 3, 6, and 9 h was used to track the progress of the pearl
millet hydrolysis, which reveals the enzyme’s ability to degrade the protein structure in
the substrate. Bromelain hydrolysates (B9) showed the highest DH of 92.43% after 9h
of hydrolysis, followed by chymotrypsin (C9) and alcalase (A9) with DH of 92.06%
and 89.35%, respectively (Figure 7). Enzymatic hydrolysis of PMPs samples for 6h
using A, B, and C enzymes have resulted in a significant increase in DH% with values
of 89.84%, 90.96%, and 90.49%, respectively, indicating enhanced peptide bond breakdown. These findings are in line with those of Selamassakul et al. (2018), who found
that hydrolyzing brown rice protein fractions with bromelain for 6 h produced oligopeptides and polypeptides with improved bioactive characteristics. Alcalase is a broad
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specific protease that hydrolyzes the carboxyl terminus of hydrophobic amino acid residues. Bromelain and chymotrypsin, on the other hand, are cysteine proteases that are
extremely specific in hydrolyzing peptide bonds (Tavano et al., 2013). Bromelain
shows specificity towards peptide bonds contributed by amino acids next to glutamic
acid, aspartic acid, lysine and arginine (Selamassakul et al., 2018). Chymotrypsin exhibit high specificity towards aromatic amino acids (tyrosine, tryptophan, and phenylalanine) and non-polar residues (leucine and methionine) (Castillo et al., 2017). Previous published research by Kamara et al. (2010) found that alcalase hydrolyzed foxtail
millets had the highest degree of hydrolysis (81.8%) and the highest protein recovery.
However, findings of our study indicated alcalase (A3) had the lowest DH of 60.64%,
which could be attributed to the enzyme substrate (E/S) ratio, selectivity, protein solubility, substrate inhibition towards the enzyme, a reduction in accessible hydrolysis
sites, or enzyme inactivation (Dryakova et al., 2010). Our results indicate that bromelain is highly efficient in hydrolyzing the pearl millet proteins compared to chymotrypsin and alcalase.
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Figure 7: Degree of hydrolysis (DH%) of alcalase, bromelain, and chymotrypsin derived PMPHs at 3, 6 and 9 h of hydrolysis time. Different letters on each bar implies
the significant difference between the samples analyzed.
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3.2.2 In-vitro Antioxidant Activity
3.2.2.1 Radical-scavenging Activity
DPPH and ABTS radical scavenging activities of PMPs and their hydrolysates after 3,
6 and 9 h of enzymatic hydrolysis are shown in Table 4. Significant improvement in
radical scavenging activity was observed in hydrolyzed samples when compared to the
PMPs. The PMPHs hydrolyzed C9 exhibited maximum DPPH radical scavenging activity of 222.3 mmol TE/g followed by B9 with 215.5 mmol TE/g. A previous study
determined the DPPH radical scavenging ability of PM extract and reported that PM
extract with 30 mg/ml concentration achieved 60% inhibition of DPPH radicals
(Odusola et al., 2013). Chandrasekara et al. (2010) reported that whole grain powder of
PM had DPPH radical scavenging activity of 13.8 µmol ferulic acid/g, which is significantly lower compared to radical scavenging activity achieved by PMPHs. For ABTS
radical scavenging activity of PMPHs, A9 and B9 samples exhibited the highest ABTS
radical scavenging activities with values of 976 mmol TE/g and 942.9 mmol TE/g, respectively. Effect of proteolytic enzymes and hydrolysis leads to increase in ABTS radical scavenging activity compared to DPPH radical scavenging, which could be due to
differences in the stereoselectivity of the radicals with different interaction mechanisms
(Al-Shamsi et al., 2018). Trypsin derived PMPHs displayed 25.98% and 26.07% of
DPPH and ABTS radical scavenging activity respectively. Purified peptides of PMPHs
showed hydrophilic amino acids Gly, Leu and Pro (Asp, Gln, and Cys), with a sequence
of sixteen amino acids demonstrated anti-oxidative property with 67.66% and 78.81%
of DPPH and ABTS radical scavenging activity respectively (Agrawal et al., 2016).
Our findings suggested that C9 and B9 derived PMPHs showed the highest DPPH radical scavenging activities, while A9 and B9 had the highest ABTS radical scavenging
activities. Overall, these results confirmed the significant increase in scavenging activity resulted from enzymatically hydrolyzing PMPIs.
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Table 4: 2, 2'-Azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), 2,2-diphenyl-1-picrylhydrazyl (DPPH), and ferric-reducing antioxidant power (FRAP) activity
of PMPHs produced by alcalase(A), bromelain(B), and chymotrypsin(C) at 3, 6, and 9
h of hydrolysis time.
Samples

ABTS

DPPH
a

FRAP
a

Control
218.0 ± 6.812
42.75 ± 2.053
57.15 ± 2.452a
A3
544.7 ± 3.906d
83.05 ± 7.586c
137.8 ± 4.173c
A6
610.5 ± 9.981e
127.9 ± 4.522d
142.1 ± 4.564c
A9
976.0 ± 7.333i
123.7 ± 9.148d
523.7 ± 15.86g
B3
325.5 ± 9.044c
42.78 ± 6.636a
61.29 ± 4.131a
B6
603.2 ± 2.731e
128.4 ± 6.293d
181.0 ± 3.775d
B9
942.9 ± 9.12h
215.5 ± 5.378e
585.7 ± 9.779h
C3
281.2 ± 4.426b
62.86 ± 1.545b
89.3 ± 10.13b
C6
676.0 ± 9.451f
123.6 ± 16.53d
256.3 ± 15.33e
C9
711.6 ± 10.3g
222.3 ± 8.062e
406.4 ± 22.01f
Data represents mean ± SD (n=3). Different letters on the mean values in the column signifies
that there is a significant difference between the samples. ABTS, DPPH, and FRAP are represented in Trolox Equivalent Antioxidant Capacity (TEAC) mmol TE/g.

3.2.2.2 Ferric-reducing Antioxidant Power (FRAP)
Reducing antioxidant potential determines the ability of the hydrolysates and small peptides to donate electrons and protons (Sonawane et al., 2017). As seen from Table 4, it
is evident that PMPHs showed significantly higher reducing antioxidant potential compared to the PMPIs. Bromelain treated hydrolysates (B9) exhibited the highest FRAP
values of 585.7 mmol TE/g, followed by A9 and C9 with FRAP values of 523.7 and
406.4 mmol TE/g, respectively. Moreover, even 3 h hydrolysis of PMPIs by alcalase
was enough to produce PMPHs with significantly improved FRAP activity (137.8
mmol TE/g) when compared to control (57.15 mmol TE/g). In line with our results,
trypsin hydrolyzed PMPHs displayed a FRAP absorbance value of 0.269 while the purified peptide had an increased value of 0.375 that has a positive effect on the length of
peptide chains (Agrawal et al., 2016). Study done by Yadav et al. (2021) reported that
the extract of different PM genotypes had high reducing antioxidant potential with values ranging from 21.7 mg/100 g to 179.7 mg/100 g. In summary, protein hydrolysates
derived after 9 h of hydrolysis using A, B, and C enzymes significantly improved the
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FRAP activity compared to PMPIs as well as having the ability to act as primary and
secondary antioxidants.
3.2.3 In-vitro Anti-diabetic Activity
3.2.3.1 Inhibition of α-glucosidase and α-amylase
The ability of PMPHs to inhibit α-glucosidase and α-amylase was investigated for antidiabetic action, and the obtained results are presented in Figures 8 and 9. The PMPHs
showed significant increase in the ability to inhibit α-glucosidase and α-amylase when
compared to PMPIs. Protein hydrolysates derived after 9 h of enzymatic hydrolysis using A, B, and C enzymes displayed a higher inhibitory capability against α-glucosidase,
with an IC50 values of 6.737, 6.709, and 9.127 µg/ml, respectively when compared to
PMPHs obtained after hydrolysis for 3 and 6 h. Regarding inhibition of α-amylase, A9
samples exhibited the highest inhibition activity with IC50 values of 5.064 µg/ml, followed by C9 and B9 with IC50 values of 5.909 and 8.251 µg/ml, respectively. In line
with our study, several millets varieties including finger millet, foxtail millet, porso
millet, and sorghum, have been demonstrated to be effective non-competitive inhibitors
of carbohydrate-hydrolyzing enzymes, resulting in carbohydrate absorption delays and
decreased glucose tolerance (Shobana et al., 2009, Kim et al., 2011, Sarita et al., 2016).
Although, previous research has found that phenolics, a prominent ingredient in millets,
plays a key function in inactivating digestive enzymes by attaching to them non-specifically (Zhang et al., 2015). In addition to the phenolics, soluble dietary fiber in the millets was reported to decrease glucose absorption and regulate the blood insulin levels
(Devi et al., 2014). A recent report on millet protein gastrointestinal hydrolysates
showed that peptide fractions had potential to inhibit α-amylase and α-glucosidase with
IC50 value of 0.11 mg/mL and 0.12 mg/mL, respectively. The sequences of potential
inhibitory peptides were identified in these fractions as GEHGGAGMGGGQFQPV,
EQGFLPGPEESGR, RLARAGLAQ, YGNPVGGVGH, and GNPVGGVGHGTTGT
(Karas et al., 2019). Overall, A9, B9, and C9 PMPHs samples possessed a potent inhibitory activity against α-glucosidase and α-amylase with IC50 significantly lower than
that of PMPIs. Therefore, the findings of this study are the first of its kind and
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successfully demonstrated the ability of PMPHs to suppress α-glucosidase and α-amylase effectively.
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Figure 8: GLU inhibition activity of alcalase, bromelain, and chymotrypsin derived
PMPHs at 3, 6, and 9 h of hydrolysis time. Values are represented in IC50 (µg/mL).
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3.2.3.2 Inhibition of DPP- IV
The DPP-IV inhibitory activity of PMPI and PMPHs were determined, and the findings
are mentioned in Figure 10. Enzymatic hydrolysis with alcalase, bromelain and chymotrypsin enhanced the DPP-IV inhibitory potential. A9 showed the highest DPP-IV inhibitory potential with an IC50 value of 3.436 µg/ml followed by B9 (4.72 µg/ml) and
C9 (6.135 µg/ml). According to Wang et al. (2015), alcalase digested oat glutelins had
the highest DPP-IV inhibition, with an IC50 of 0.13 mg/ml, and it was determined that
alcalase was more effective than trypsin at hydrolyzing cereal proteins and releasing
bioactive peptides. Based on the source of proteins, alcalase can also lead to excessive
hydrolysis resulting in short peptides. In line with our study, papain derived millet protein hydrolysates showed the highest DPP-IV inhibition rate of 75.72 and are a source
of two novel DPP-IV inhibitory peptides, namely Asn-Asp-Trp-His-Thr-Gly-Pro-LeuSer and Thr-Tyr-Pro-His-Gln-Gln-Pro-Pro-Ile-Leu-Thr (Gu et al., 2021). In addition,
alcalase derived amaranth glutelin hydrolysates showed the highest in vitro DPP-IV
inhibitory activity with IC50 of 0.12 mg/ml, along with significant hypoglycemic effect
in streptozotocin-induced diabetic mice (Jorge et al., 2015). Though millets were reported to possess antidiabetic activity by inhibiting α-glucosidase and α-amylase, our
present findings concluded that PMPHs proffer antidiabetic effects by inhibiting DPPIV activity.
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3.2.4 In-vitro Anti-hypercholesterolemic Activity
3.2.4.1 Inhibition of Pancreatic lipase and Cholesteryl esterase
When pancreatic lipase in inhibited the efficacy of fat absorption is reduced in the intestine in turn resulting in the reduction of body weight (Birari et al., 2007). Inhibitory
concentration of PMPIs and PMPHs are shown in Figure 11. Alcalase and bromelain
derived PMPHs for 9h demonstrated the highest lipase inhibitory potential with IC50
values of 3.46 and 3.60 µg/ml, followed by C9 with IC50 value of 4.59 µg/ml. Obtained
results confirmed that the lipase inhibitory activity of all produced PMPHs were significantly higher when compared to the unhydrolyzed proteins (62.38 µg/ml). A steady
increasing trend was observed with increase in the hydrolysis time for all the PMPHs,
except for chymotrypsin since C6 samples showed higher lipase inhibitory activity than
C9 samples. Studies concerned with pancreatic lipase inhibitory potential of millets and
cereals are scarce. However, recently Irondi and coworkers (Irondi et al., 2019) reported
that extracts of sorghum showed pancreatic lipase inhibitory activity with an IC50 of
12.72 µg/ml. Protein isolated from Litchi chinensis seeds showed high inhibitory activity against pancreatic lipase with IC50 values of 74 µg/ml (Mhatre et al., 2019). Another
study done by Kato et al. (2021) and his team reported that young barely leaf extract
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exhibited pancreatic lipase inhibitory strength with IC50 of 0.31 mg/ml. In this study A9
and B9 samples showed the highest inhibitory strength against pancreatic lipase and
increasing the enzymatic hydrolysis time resulted in enhanced anti-hypercholesterolemic activity of all produced PMPHs. Inhibition of cholesteryl esterase reduces the
bioavailability of cholesterol from dietary cholesterol esters, incorporation of cholesterol into miscelles and stops the transport of free cholesterol into enterocyte (Ngamukote et al., 2011). Phytic acids and dietary fibers present in the millets plays a key role
in lowering cholesterol (Devi et al., 2014).
Cholesteryl esterase inhibition displayed by the PMPHs are presented in Figure
12. PMPIs displayed the lowest inhibitory activity towards cholesteryl esterase with an
IC50 of 19.99 µg/ml. After 9 h of hydrolysis, alcalase generated PMPHs (A9) showed
the highest inhibitory potential against cholesteryl esterase (IC50 of 3.607 µg/ml) followed by B9 (4.30 µg/ml) and C6 (4.55 µg/ml). Previous studies reported by Sireesha
et al. (2011), Lee et al. (2010), Shobana et al. (2009) showed that extracts of finger
millet and foxtail millets significantly decreased the levels of triglycerides, total lowdensity lipoprotein-cholesterol and increased the levels of high-density lipoproteinscholesterol thereby demonstrating hypocholesterolemic, hypolipidemic and hypoglycemic activity. However, the mechanism behind pancreatic lipase and cholesteryl esterase
inhibitory activity of millets is still unclear, dietary fibers and phytates proffers hypocholesterolemic and hypolipidemic activity (Coulibaly et al., 2011). Overall, A9 and
B9 samples showed the highest inhibitory strength against cholesteryl esterase and as
enzymatic hydrolysis time was increased, a significant rise in the anti-hypercholesterolemic activity of all produced PMPHs was observed. The present study is among the
first very few reports on the lipase and cholesteryl esterase inhibitory activities of pearl
millet proteins and their hydrolysates.
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Figure 11: LIP inhibition activity of alcalase, bromelain, and chymotrypsin derived
PMPHs at 3, 6, and 9 h of hydrolysis time. Values are represented in IC50 (µg/mL).
Different letters on each bar implies the significant difference between the samples analyzed.
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Chapter 4: Conclusion
Three distinct protease enzymes were used in the study to hydrolyse intact proteins from
colocynth seeds at different time intervals of 3, 6, and 9 h. Chymotrypsin-generated
hydrolysates (C9) demonstrated the highest DH (87.82%), followed by alcalase and
bromelain generated hydrolysates. Furthermore, our findings showed that BAPHs
showed enhanced antioxidative, anti-diabetic and anti-hypercholesterolemic properties
upon hydrolysis under in-vitro conditions. In comparison to intact protein, BAPHs
showed significantly higher inhibitory action against α-glucosidase, α-amylase, DPPIV, pancreatic lipase and cholesteryl esterase. Particularly, chymotrypsin (C6) generated hydrolysates were more potent inhibitors of pancreatic lipase and cholesteryl esterase. Alcalase and bromelain hydrolysates demonstrated effective inhibitory activity
against α-amylase, DPP-IV and α-glucosidase. Overall, chymotrypsin had the highest
DH and was more effective in terms of antioxidative and anti-hypercholesterolemic effects. To the best of our knowledge, this is the foremost study to report on the bioactive
potential of colocynth seed protein hydrolysates. This study provided good insights into
potential of proteins derived from colocynth seed as a source of bioactive hydrolysate
and peptides. Further investigations on characterization, functional properties, pharmacokinetics, and toxicity are required to validate and exploit colocynth seeds hydrolysates for application in dietary intervention. Moreover, optimization of the hydrolysis
process using the most effective enzyme and identification of the bioactive peptides
need to be carried out to throw more light on the characterization of the protein hydrolysates from colocynth seed proteins. With such merits, colocynth oilseed proteins could
be used as dietary protein alternatives, as well as a source of bioactive peptides and a
functional food ingredient.
Pearl millets, containing several bioactive complexes that are essential for diverse
health functions, has been traditionally used as a nutri-cereal based products. In this
study, we have focused on the multifunctional bioactive properties including antidiabetic, antioxidant and anti-hypercholesterolemic activity of pearl millet proteins and
their hydrolysates using molecular markers involved in the in-vitro conditions. It is evident from the results that the type of proteolytic enzymes used greatly influenced the
42

bioactive properties of the hydrolysates. Overall, among the proteolytic enzymes, alcalase generated PMPHs displayed better antidiabetic, anti-hypercholesterolemic activities along with higher ABTS radical scavenging activity. Whereas bromelain exhibited
highest hydrolysis efficiency along with the potent inhibitory potential towards α-glucosidase activity and ferric reducing antioxidant potential. The highest DPPH radical
scavenging activity was observed for chymotrypsin-generated hydrolysates. These results clearly indicated that the pearl millet protein hydrolysates demonstrated enhanced
bioactive properties when compared to the intact proteins. Further research on isolation
and characterization of peptide sequences for the observed bioactivities should be considered for comprehending their effects in vitro and in vivo. Overall, pearl millets proteins and their peptides on hydrolysis could be used as a potential source functional
ingredient and a promising strategy for bio fortification can be devised to improve their
bioactive properties and thus can be used as functional food ingredients with healthpromoting factors.
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Protein hydrolysates from plant-based proteins are gaining importance due to the
availability, sustainable and economical production when compared to their animal
origin counterpart. Therefore, this study explored under-utilized PBP hydrolysates
derived from Bitter apple and Pearl millet and determined their bioactive properties.
Enzymatic hydrolysis of Bitter apple and Pearl millet proteins was carried out by
enzymes such as alcalase, bromelain, and chymotrypsin for 3, 6, and 9 h to produce
protein hydrolysates possessing high bioactive properties.
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